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Abstract 
Ouabain-induced changes of the free cytoplasmic Na+ concentration ([Na+li) were monitored in aggregates of cells prepared from 
P-cell-rich pancreatic mouse islets and the results were compared with the total islet content of sodium. The steady-state [Na+], was 
lower in 20 mM glucose (11 mM) than in 3 mM glucose (14 mM). In the presence of 3 mM glucose the addition of 1 mM ouabain 
resulted in a rise in [Na+], Twith an initial rate of 1.5 mM/min. However, the increase of total sodium corresponded to 2.8 mM/min, 
suggesting that rapid binding and/or sequestration of NaC are prominent features for pancreatic /LAIs. Elevation of the glucose 
concentration to 20 mM increased the rate of ouabain-dependent rise of [Na+],. The effect of glucose was mimicked by 1 mM 
tolbutamide or 100 PM carbachol and was counteracted by 100 nM of the crz-adrenergic agonist clonidine. Glucose also accelerated the 
lowering of [Na+& after withdrawal of ouabain. In promoting not only the entry but also the extrusion of Na+, glucose actually enhances 
the turnover of the ion in pancreatic @cells. 
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1. Introduction 
Already in 1968 Na+ was proposed to be involved in 
the control of insulin rele:ase [l]. However, studies of the 
role of Na+ have been hampered by problems associated 
with analysis of the element in small amounts of tissue. 
Most of these problems have now been overcome. The 
introduction of a sensitive technique for measurements of 
total sodium in freeze-dried samples by integrating flame 
photometry made it possible to get information about the 
element in individual pancreatic islets [2]. Moreover, after 
the design of specific indicators suitable for dual wave- 
length fluorometry it can .now also be studied how various 
agents affect the concentration of free cytoplasmic Na+ 
([Na+&) in individual p-cells [3]. 
Like other cells, the pancreatic p-cells have an efficient 
extrusion of Na+ by an ouabain-sensitive Na+/K+ pump 
[4]. It was recently shown that Na+ entry into the p-cells 
could be sensitively mealsured after ouabain blocking of 
the pump [5]. In the present study the combination of the 
ouabain approach with measurements of [Na+li and total 
sodium enabled the demonstration of pronounced glucose 
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stimulation both of the entry and extrusion of Na+. The 
ability of glucose to accelerate Na+ entry in the presence 
of ouabain was mimicked by tolbutamide and carbachol 
and counteracted by the a,-adrenergic agonist clonidine. 
2. Materials and methods 
2.1. Preparation of islets and p-cells 
Islets of Langerhans were isolated by collagenase diges- 
tion of pancreas from lo-month-old ob/ ob mice taken 
from a non-inbred colony 161. Previous studies have indi- 
cated that these islets contain more than 90% p-cells [6], 
which respond normally to glucose and other stimulators 
of insulin release [7]. The isolated islets were either trans- 
ferred to a Hepes-buffered basal medium (Na+ 137 mM; 
K+ 5.9 mM, Mg 2+ 2+ 1.2 mM and Ca 1.28 mM with Cl- 
as the sole anion [81) containing 1 mg/ml bovine serum 
albumin and 3 mM glucose or were dispersed into aggre- 
gates of cells [9]. After suspension in RPM1 1640 medium 
supplemented with 10% fetal calf serum, 100 IU/ml 
penicillin, 100 pg/ml streptomycin and 30 pg/ml gen- 
tamycin, the cells were allowed to attach to circular cover 
glasses and were incubated at 37°C in an atmosphere of 
5% CO, in humidified air for 24-48 h. 
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Fig. 1. Effect of ouabain on the concentration of cytoplasmic Na+. 
Aggregates of 3-5 cells were loaded with SBFI and were superfused with 
a medium containing 3 (0) or 20 (0) mM ghrcose. Ouabain (1 mM) was 
present during the period indicated by the bar. Mean values f SE. for 14 
and 8 experiments respectively. 
2.2. Measurements of total sodium 
The islets were preincubated for 45 min at 37°C in basal 
medium containing 3 mM glucose and then exposed for 
different periods of time to a similar type of medium 
supplemented with 1 mM ouabain. At the end of the 
experiments the islets were washed for 2 min in an ice-cold 
solution of sucrose [2]. Subsequent freeze-drying and 
weighing of the islets made it possible to express the 
sodium contents in terms of dry weight. The individual 
islets were analyzed for sodium by integrating flame pho- 
tometry using a previously described procedure [2]. The 
data obtained were used for calculating the average Na+ 
concentration in the cell by assuming that the water phase 
corresponds to 1.2 1 per kg dry weight [lo]. 
2.3. Measurements of cytoplasmic Na ’ 
Cells attached to the cover glasses were loaded with the 
Na+ indicator SBFI (sodium benzofuran isophtalate) dur- 
ing 1.5-2 h exposure to 5 PM of its acetoxymethyl ester 
(Molecular Probes, Eugene, OR) in the supplemented 
RPM1 1640 medium (see above) followed by 30 min 
incubation with 3 mM glucose in basal medium lacking 
the indicator. Adequate uptake of the indicator was facili- 
tated by including 0.02% of the non-ionic dispersing agent 
Pluronic 127 (BASF Wyandotte Corp., Wyandotte, MI) in 
the loading medium. The cover glasses with the SBFI- 
loaded cells were studied in a perfusion chamber placed on 
the stage of an inverted microscope within a climate box 
maintained at 37°C. The experimental set-up was identical 
to that previously used for measurements of cytoplasmic 
Ca2+ [ll]. The cells were superfused with the basal 
medium modified as indicated in the legends to the tables 
and figures. Aggregates of 3-5 cells were selected for 
analysis. The indicator was excited by light flashes of 1 ms 
duration at 340 and 380 nm every 10 ms. Emission at 510 
nm was recorded by a photomultiplier in periods of 10 s 
with intervals of 50 or 110 s. To minimize exposure to UV 
light, the excitation light path was open only during the 
recordings. The electronically separated signals were fed 
into an analog ratio meter and [Na+], was calculated from 
the average 340/380 nm fluorescence excitation ratio 
during each 10-s recording period. The background from 
cells not containing SBFI was negligible. Compartmental- 
ization of SBFI was a minor problem in the p-cells. After 
permeation of the plasma membrane with 100 /.LM digi- 
tonin [12], more than 85% of the fluorescence was lost. 
Calibration of the fluorescence excitation ratio in terms of 
[Na+], was accomplished as previously described [3] by 
exposing the cells to different concentrations of Na+ in the 
presence of 10 /..LM gramicidin D. The calibration curves 
were linear in the range of 5-60 mM Naf. 
2.4. Statistical analysis 
Results are expressed as means f S.E. Statistical analy- 
ses for paired and unpaired data were evaluated by Stu- 
dent’s t-test. 
3. Results 
Total sodium expressed in terms of cell water measured 
in intact islets in the presence of 3 mM glucose was 63 f 4 
mM; n = 8. The value for [Na+], recorded with SBFI in 
small aggregates of islet cells was 13.7 + 0.8 mM; n = 40. 
[Na+li observed in the presence of 20 mM glucose (11.0 
+ 0.4 mM; n = 10) was significantly lower (P < 0.01). 
Table 1 
Effects of different periods of exposure to ouabain on islet sodium in the presence of 3 mM glucose 
Ouabain exposure ]Na+ Ii (mM) Total sodium (mmol/kg) 
(nun) Observed Ouabain response Observed Ouabain response 
0 14 _I 1 - 76 f 5 - 
6 22*2 +8fl 97 + 6 +20*2 
21 32*3 +18*1 112 f 3 +36*4 
36 36 f 3 +21*2 142 + 3 +66f4 
[Na+li was recorded in aggregates of 3-5 cells and total sodium was measured in pancreatic islets. Mean values + S.E. for 12 and 7 experiments 
respectively. 
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The addition of 1 mM ouabain resulted in an elevation of 
[Na+],, which was more pronounced in 20 than in 3 mM 
glucose (Fig. 1). During the initial 3 min the rates of 
[Na+], increase were 1.5 :t 0.2 and 6.9 f 0.7 mM/min at 
3 and 20 mM glucose respectively. Glucose also acceler- 
ated the lowering of [Na+li obtained with removal of 
ouabain from the medium (Fig. 1). When measured at the 
same value of [Na+], (35 mM), the rates of decrease were 
1.1 + 0.3 and 3.1 f 0.7 mM/min at 3 and 20 mM glucose 
respectively. 
The values for [Na+li and total sodium at different 
times after exposure to ouabain in the presence of 3 mM 
glucose are presented in Table 1. Whereas the relative 
increase was more pronounced for [Na+], than for total 
sodium, the absolute increase in terms of cell water was 
two-fold higher for total sodium. During the initial 6 min 
total sodium increased with 17 f 1 mM. 
When the glucose concentration was raised from 3 to 20 
mM after 11-13 min exposure to ouabain, the rate of 
increase of [Na+li was augmented more than three-fold 
(Table 2; Fig. 2). Corresponding comparisons after addi- 
tion of 1 mM tolbutamide or 100 PM carbachol revealed 
approximate doubling of the rate of ouabain-induced eleva- 
tion of [Na+li. The stimulatory effect of glucose on [Na+], 
elevation was counteracted by 100 nM clonidine (Fig. 2). 
In the presence of 3 mM glucose, clonidine did not affect 
the ouabain-induced increase of [Nafli (not shown). 
Fig. 2. Effects of various additives on the cytoplasmic concentration of 
Na+ after exposure to ouabain. Aggregates of 3-5 cells were loaded with 
SBFI and superfused with a medium containing 3 mM glucose. Ouabain 
(1 mM) was present from time 0. The arrows indicate additions of 17 mM 
glucose (A), 17 mM glucose and 100 nM clonidine (B), 1 mM tolbu- 
tamide (C) and 100 PM carbachol (D). Representative experiments of 5 
(A), 10 (B), 5 (C) and 5 CD). 
4. Discussion 
In the present study it was possible to resolve [Na+], 
changes of l-2 mM with lthe fluorescent probe SBFI. This 
indicator has benzofuran fl.uorophores similar to that of the 
Cazf probe fura-2, and the same excitation and emission 
wavelengths are used for both indicators [13,14]. However, 
the conditions for fluorescence measurements are less 
favourable with SBFI. In addition to difficulties to load 
SBFI into the p-cells, the fluorescence yield is low. An in 
vitro comparison has shown that at half-saturation of the 
indicators, the fluorescena: intensity per molecule of SBFI 
is only 25% of that of fura- [14,15]. In the attempts to 
improve the signal-to-nois’e ratio we have compensated for 
the weak signals from single p-cells by monitoring Na+ in 
small aggregates of 3-5 cells and increasing the excitation 
intensity by removing neutral density filters normally used 
when measuring Ca 2f. Previous studies have emphasized 
the importance of protecting the &cells against photodam- 
age in measurements with intracellular fluorescent indica- 
tors excited at UV wavelengths [16]. The photocytonox- 
ious effect of the increased excitation light was therefore 
counteracted by reducing the time for illumination. In the 
standard procedure a rotating filter wheel transmitted exci- 
tation light 20% of the time. The modified procedure with 
closure of the light path between the short recording 
periods, reduced the light exposure to less than 4% of the 
total observation period. It was checked that the P_cells 
responded adequately to glucose in terms of changes of 
cytoplasmic Ca2+ under the modified experimental condi- 
tions (not shown). 
In view of the high proportion of p-cells in ob/ob 
mouse islets, the results can be regarded as essentially 
reflecting the situation in this type of cell. Basal [Na+], (14 
mM) was similar to that previously found in individual 
Table 2 
Effects of various additives on cytoplasmic Na+ in the presence of ouabain 
Additive Increase of [Na+], (mM/min) 
0 10 20 0 10 20 
llME (MIN) 
Number of exp. 
Before addition After addition 
Glucose, 17 mM 0.86 f 0.06 3.39 f. 0.67 * 5 
Tolbutamide, 1 mM 0.90 f 0.06 1.84 + 0.17 * 5 
Carbachol, 100 PM 0.85 f 0.04 1.70 f 0.22 * 5 
Glucose 17 mM + clonidine, 100 nM 0.86 f 0.05 0.53 f 0.14 10 
Aggregates of 3-5 cells were perifused for 11-13 min in the presence of 1 mM ouabain and 3 mM ghtcosc before the additions were made. The increase 
of [Na+li refers to the average changes per min during 5 min before and after the additions. Mean values + SE. ?? P < 0.01. 
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p-cells from the same source [3] and only slightly lower 
than reported for p-cells from NMRI mice [5]. Since the 
total content of sodium corresponded to an average con- 
centration as high as 63 mM, most of the P-cell sodium 
must be stored into organelles or be tightly bound to 
hydrated structures in the cytoplasm. The observation that 
[Nafli is only a fraction of total sodium is not unique for 
pancreatic p-cells but is valid also for oocytes [17], fibrob- 
lasts 1131 and gastric gland cells 1181. 
The exposure to ouabain resulted in a substantial in- 
crease of both total sodium and [Na+],. As expected, 
ouabain-blocking of the Na+/K+ pump was associated 
with a proportionately larger rise of [Na+],. However, the 
absolute increase in [Na+li was less pronounced than 
expected from the rise of total sodium. These observations 
indicate that rapid binding and/or organelle sequestration 
of Na+ is a prominent feature of the p-cells. This conclu- 
sion does not exclude the presence of slowly exchangeable 
sodium, as suggested from studies with radioactive 22Na 
1191. 
The idea that glucose promotes entry of Na+ into the 
p-cells has so far been based on measurements of the 
contents of radioactive [19] and total [20,21] sodium in 
islets exposed to ouabain. The present study indicates that 
dynamic recordings of [Na+li offer considerable advan- 
tages in the attempts to demonstrate such a glucose effect. 
The augmentation of [Na+], by glucose was particularly 
impressive when the Na+/K+ pump was blocked during a 
period before raising the sugar concentration. The dynamic 
recordings of [Na’]i also enabled the demonstration of 
glucose-accelerated lowering of INa’& when terminating 
the exposure to ouabain. The latter observation reinforces 
previous arguments that glucose also stimulates the extru- 
sion of Na+ [19,22,23]. As a promoter not only of the 
entry but also of the extrusion of Na+, it is not surprising 
that raising the glucose concentration tends to lower rather 
than increase the steady-state content of sodium [2,3]. In 
favouring the turnover of the element, glucose has similar 
effects on sodium as previously demonstrated for calcium 
1241. 
The procedure with dynamic recordings of [Nafli in 
p-cells with an inhibited Na+/K+ pump was useful not 
only for demonstrating glucose-stimulated entry of Na+ 
but also for showing that this process could be counter- 
acted by clonidine. Accordingly, activation of the (Ye- 
adrenoceptors seems to affect the p-cell handling of sodium 
in a similar way to that of calcium [25,26]. Previous 
studies have indicated increased steady-state content of 
sodium in isolated islets after muscarinic receptor activa- 
tion [21] or exposure to hypoglycemic sulfonylureas [3,27]. 
With the observation that both the muscarinic agonist 
carbachol and the sulfonylurea compound tolbutamide 
double the rate of [Na’li increase in the presence of 
ouabain, there is compelling evidence that part of the 
effects of these compounds on the p-cells is due to 
stimulated entry of Na+. 
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